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. The disease was named severe fever with thrombocytopenia syndrome (SFTS) and its causative agent, the SFTS phlebovirus (SFTSV) was identified in China in 2010 (refs [1] [2] [3] [4] ). Since then, the number of SFTS cases has rapidly increased in China, South Korea and Japan [5] [6] [7] . Although the average case fatality rate varies between different regions, the mean mortality rates of SFTS cases have remained relatively high in Japan (27%), South Korea (23.3%) and China (5.3%) [7] [8] [9] [10] [11] [12] . Thus, the World Health Organization ranked SFTSV among the nine most dangerous pathogens that will most likely cause wide epidemics in the near future, requiring urgent attention 13 . SFTSV belongs to the genus Phlebovirus of the family Phenuiviridae (the order Bunyavirales) 2 along with other tick-borne Phleboviruses, including Heartland virus and Lone star virus that have been isolated from humans and ticks in the United States 14, 15 . Although there are growing concerns regarding the increasing SFTSV infection rates, limited information regarding its pathogenesis is currently available. This is owing to the lack of an animal model that displays a similar clinical manifestation pattern and high mortality in response to this virus. Previously, type I interferon (IFN)-deficient mice 16 , newborn mice 17 and mitomycin-treated mice 18 have all been used in attempts to understand the pathogenesis of SFTSV infection. However, both IFN-deficient and mitomycin-treated mice are immunocompromised and cannot utilize the normal immune response against virus infection. Furthermore, newborn animal models, including mice and hamsters 17 , are also not ideal for studying human SFTSV pathogenesis as the majority of human patients with severe symptoms and increased mortality were more than 50 years of age 19 . In addition, in rhesus macaques, SFTSV does not cause severe symptoms or death but causes fever, thrombocytopenia and leukocytopenia, suggesting that rhesus monkey infection resembles only a mild form of SFTSV infection in humans 20 . Thus, the development of an animal model that mimics severe/fatal human SFTS is crucial for understanding the pathogenesis of SFTSV and host immune response to its infection to facilitate the development of medical countermeasures, including vaccines and therapeutics. In this study, we examined the susceptibilities of four different inbred mouse strains and an outbred ferret model (Mustela putorius furo) to SFTSV infection, with separate studies for young adult and aged animals, to establish an animal model of this disease.
Results
Experimental SFTSV infection in young adult and aged mice and ferrets. To identify an animal model that mimics the clinical manifestation and profile of SFTSV human infection, we examined various mouse strains (BALB/c, C3H, C57BL/6 and FVB) and ferrets following infection with the SFTSV CB1/2014 strain 21 . Groups of 8-week-old mice (young adult mice, n = 5) and 20-24-monthold ferrets (young adult ferrets, n = 5) were intramuscularly (i.m.) inoculated with 0.1 and 1 ml infection volume of stock virus (10 7.6 TCID 50 (50% tissue culture infective dose) of SFTSV CB1/2014), respectively, which was the maximal cell culture dose of this virus. Survival and body weight were recorded for 16 days after inoculation.
Ferret animal model of severe fever with thrombocytopenia syndrome phlebovirus for human lethal infection and pathogenesis
Neither mice nor young adult ferrets exhibited any mortality over the course of the experiment even when inoculated with the highest titre of SFTSV CB1/2014 ( Supplementary Fig. 1a,c) . Furthermore, SFTSV-inoculated mice exhibited a 10-25% increase in mean body weight at 6-10 days post-infection (dpi) (Supplementary Fig. 1b ). By contrast, there was a 4-5% decrease in the mean body weight of inoculated ferrets at 4-6 dpi with slightly increased body temperatures (1.3 °C) and a recovery of their original body weight by 8 dpi ( Supplementary Fig. 1d,e ). These results demonstrate that young adult mice and ferret models do not exhibit severe clinical signs of SFTS, and hence may not be representative models for fatal SFTSV infection in humans.
Based on reported clinical symptoms and mortality rates, human patients over 50 years of age exhibited considerably severe SFTSV infection 22 . Thus, we hypothesized that aged animals might display symptoms reflective of human infection with SFTSV. We administered the SFTSV CB1/2014 strain via an i.m. injection into aged mice of each strain (≥ 20 months, BALB/c, C3H, C57BL/6 and FVB; n = 5) and into aged ferrets (≥ 4 years of age, n = 5) and then compared the clinical manifestations with those of young adult mice and ferrets, respectively. All inoculated mice survived the SFTSV infection, although they showed a slight weight loss at 2-6 dpi before it recovered at 8-16 dpi ( Supplementary Fig. 2a,b) . By marked contrast, 4 out of 5 aged ferrets (80%) exhibited decreased body weight The two-tailed Mantel-Cox method (a) or the two-tailed, unpaired t-test (b,c) was used to assess P values. *P < 0.0001 (a), *P = 0.0331; **P = 0.0069 and ***P < 0.0001 (b); and *P = 0.0258, **P = 0.0062 and ***P < 0.0709 (c). The experiment was performed with three independent trials. . a-d, The blood from infected ferrets was collected every other day and haematological examination was performed using a Celltac hematology analyzer. Platelet counts from young adult ferrets (a), platelet counts from aged ferrets (b), WBC counts from young adult ferrets (c) and WBC counts from aged ferrets (d) are shown. Normal ranges of platelet and WBC counts in ferrets are 171.7-1,280.6 × 10 3 per µ l and 2.5-16.7 × 10 6 per µ l, respectively 23, 24 . The dashed lines indicate the normal values of platelet or WBC counts. The sharp (#) indicates no samples collected because the ferrets in this group died. Data are presented in box plots, with the box showing the upper (75%) and lower (25%) quartiles, the horizontal line as the median and the whiskers as the maximum and minimum values observed. The asterisks and daggers indicate significance between non-infected and infected ferrets per dpi as determined by a two-tailed unpaired t-test. *P = 0.0783, **P = 0.0091, ***P = 0.0086, ****P = 0.0065, † P = 0.0014, † † P = 0.0006, † † † P = 0.0001 and † † † † P < 0.0001 (a); *P < 0.0001 (b); *P = 0.4263, **P = 0.2951, ***P = 0.2373, ****P = 0.1614, † P = 0.0738, † † P = 0.0397 and † † † P < 0.0001 (c); and *P = 0.5176, **P = 0.0014 and ***P = 0.0007 (d).
starting at 2 dpi ( Supplementary Fig. 2d ) and eventually succumbed to infection by 8 dpi (Supplementary Fig. 2c ). Moreover, body temperature of those that succumbed increased by 2.5 °C at 2-6 dpi before eventually dropping down below the normal range. Only one aged ferret returned to normal temperature at 8 dpi, recovered body weight at 12 dpi and ultimately survived ( Supplementary Fig. 2c-e) .
Collectively, these results demonstrate that, although SFTSV infection has limited pathogenic effects on young or aged mice, SFTSVinfected aged ferrets exhibit severe clinical symptoms and a high mortality rate. Thus, we utilized ferrets as an animal model to evaluate the pathogenesis and clinical manifestation of SFTSV infection in an age-dependent manner.
Pathogenesis and clinical manifestation of SFTSV infection in ferrets.
To compare the pathogenesis of SFTSV in young adult and aged ferrets, groups of 2-year-old young adult ferrets and 4-year-old aged ferrets were inoculated with 10 7.6 TCID 50 per ml of the SFTSV CB1/2014 strain via an i.m. injection, and body weight and survival were monitored for 16 days. Although most natural infections are caused by tick bites (subdermal), we chose the i.m. route for virus administration, which showed similar results to subcutaneous delivery. As demonstrated in Fig. 1 , no mortality was observed in young adult ferrets for 16 days (Fig. 1a) and they showed only a 5% decrease in body weight at 6 dpi ( Fig. 1b) with a mild increase in body temperature (Fig. 1c) . However, all aged ferret groups showed severe clinical symptoms with high body temperatures and weight loss beginning at 2 dpi and all aged ferrets succumbed by 8 dpi (Fig. 1) .
As thrombocytopenia is one of its major clinical symptoms, we collected blood from SFTSV CB1/2014-infected young adult and aged ferrets and compared their homeostasis factors. Our results showed that the mean platelet count of SFTSV-infected young adult ferrets was normal, although it fell to baseline at 6 dpi and returned to the normal range (171.7-1,280.6 × 10 3 per µ l) 23 ,24 at 8 dpi (Fig. 2a) . By contrast, SFTSV-infected aged ferrets exhibited more rapid severe thrombocytopenia with a 235 × 10 3 per µ l mean platelet count at 2 dpi than young adult ferrets (400 × 10 3 per µ l mean platelet count) (P < 0.0001), and their platelet numbers continuously decreased to below the normal range from 6 dpi (P < 0.0001) until death (Fig. 2b) . We also assessed the number of white blood cells (WBCs), red blood cells and haemoglobin in SFTSV-infected young adult and aged ferrets. The mean WBC counts of SFTSV-infected young adult ferrets decreased until 6 dpi and then recovered by 8 dpi, whereas a gradual decrease in WBC counts of SFTSV-infected aged ferrets continued until death (Fig. 2c,d ). In addition, the mean numbers of red blood cells and the levels of haemoglobin of SFTSVinfected young adult and aged ferrets were still within their normal ranges 3, 24 ( Supplementary Fig. 3 ). Similar to studies of SFTSV-infected humans [25] [26] [27] , blood biochemical analysis of infected ferrets showed elevated levels of aspartate aminotransferase (AST; also known as serum glutamic oxaloacetic transaminase) and alanine aminotransferase (ALT; also known as serum glutamic-pyruvic transaminase). The AST concentration of the SFTSV-infected young adult ferret group increased by about twofold at 4 dpi and decreased thereafter (Fig. 3a ), but their mean AST level (117 U l ). However, SFTSV-infected aged ferrets showed a gradual increase in the AST concentration until death, and the peak mean concentration was higher than 208 U l −1 (Fig. 3b) . Although the ALT concentration (normal range: 49-242.8 U l aged ferrets reached a mean peak that was 1.7-times higher than that of SFTSV-infected young adult ferrets (Fig. 3c,d ).
Taken together, the platelet and WBC counts and the AST and ALT concentrations of SFTSV-infected ferrets are important indicators of SFTSV pathogenesis, whereas the mean red blood cell counts and haemoglobin concentration do not seem to be critical readouts.
Viral distribution and replication in young adult and aged ferrets.
Following infection in humans, SFTSV has been detected in multiple organs, indicating a systemic infection 25, 26 . To identify similarity of SFTSV infection between ferrets and humans, the viral load in brain, lung, liver, spleen, kidney, intestine and spinal cord tissues was evaluated in infected ferrets. All organs of aged ferrets and the spleen, liver, kidneys and lungs of young adult ferrets were positive for SFTSV (Fig. 4) . The spleen was the most susceptible organ, as it showed the highest viral load in both young adult and aged ferrets. Furthermore, in aged ferrets, the splenic viral load peaked at 6 dpi with 4.1 log 10 RNA copies per g, whereas in young adult ferrets, it peaked at 4 dpi with 2.8 log 10 RNA copies per g followed by a gradual decrease until 8 dpi (Fig. 4a ). Viral load peaked at 4 dpi in the liver (3.9 log 10 RNA copies per g) of aged ferrets, then slightly decreased thereafter until death. In young adult ferrets, the viral load peaked in the liver at 6 dpi with 2.7 log 10 RNA copies per g and then decreased dramatically at 8 dpi (Fig. 4b) , whereas in the kidney, a moderate virus load of 0.98-1.3 log 10 RNA copies per g was observed and disappeared by 8 dpi. Even in the aged ferrets, a similar viral load was observed at 2 and 4 dpi in the kidneys before reaching the peak at 6 dpi with 3.1 log 10 RNA copies per g (Fig. 4c) . Furthermore, virus was also detected in the lungs with an increasing viral load starting at 2-6 dpi in both young adult and aged ferrets. However, a higher load was detected in aged ferrets with a peak of 3.2 log 10 RNA copies per g (than only 1.2 log 10 RNA copies per g for young adult ferrets) at 4 dpi (Fig. 4d) . Furthermore, viral RNA was detected, albeit at relatively low copy numbers (0.5-1.9 log 10 RNA copies per g), in the brain, spinal cord and intestine only in the aged ferret group (Fig. 4e-g ). In addition, SFTSV was isolated from most tissue specimens taken from aged ferrets, whereas only spleen tissues (2 out of 3) were positive for virus isolation in young adult ferrets ( Supplementary Fig. 5 ).
Next, we assessed the correlation between the viral load in the blood of SFTSV-infected ferrets and disease pathogenesis and progress. Virus was first detected in the serum of both young adult and aged ferrets at 2 dpi (Fig. 4h) . In young adult ferrets, 0.75 log 10 viral copies per 0.1 ml was detected at 2 dpi and reached a peak of 2.7 log 10 viral copies per 0.1 ml at 4 dpi. However, the viral load in sera was significantly decreased at 6 dpi and then was not detected from 8 dpi onwards (Fig. 4h) . Although a low mean viral load (0.9 log 10 viral copies per 0.1 ml) was detected in aged ferrets at 2 dpi, the viral load increased continuously until the peak reached 4.3 log 10 viral copies per 0.1 ml at 6 dpi, before a majority succumbed at 8 dpi (Fig. 4h) . This result clearly demonstrates that the viral load in the blood is strongly associated with the mortality of SFTSV-infected ferrets.
To confirm viral replication in the organs of infected ferrets, immunohistochemistry and RNAscope in situ hybridization assays The asterisks indicate significance compared to each dpi sample by the two-tailed, unpaired t-test. *P = 0.9749, **P = 0.0299 and ***P = 0.0040 (a); *P = 0.4652, **P = 0.2919 and ***P = 0.0106 (b); *P = 0.5449, **P = 0.3324 and ***P = 0.0710 (c); *P = 0.9757, **P = 0.1344 and ***P = 0.0025 (d); *P = 0.1343 and **P = 0.0425 (e); *P = 0.3740 and **P = 0.0270 (f); *P = 0.0060 (g); and *P = 0.9170, **P = 0.5987 and ***P < 0.0001 (h). Each experiment was performed for three biological and three technical repeats.
to detect the SFTSV nucleoprotein (NP) and RNA, respectively, were conducted ( Fig. 5 and Supplementary Figs. 6 and 7) . These tests showed that SFTSV replication was readily detected in the spleen, liver, kidneys, brain, spinal cord and intestines of aged ferrets ( Fig. 5 and Supplementary Fig. 7 ). In agreement with the viral load, SFTSV NP was also detected in the spleen, liver and kidneys ( Supplementary Fig. 6a-c) of young adult ferrets. However, SFTSV NP-positive cells were only faintly detected in the brain, spinal cord and intestines ( Supplementary Fig. 6d-f ) of young adult ferrets. Furthermore, more severe histopathological damages were demonstrated in aged ferrets than in young adult ferrets ( Supplementary  Fig. 8) . These findings clearly demonstrate that SFTSV can infect and replicate in multiple organs and suggest that systemic infection of ferrets occurs in an age-dependent manner.
Transcriptional profile of immune-related genes in peripheral blood mononuclear cells of SFTSV-infected ferrets. To compare global and dynamic gene expression in SFTSV-infected young adult and aged ferrets, RNA sequencing (RNA-seq) analysis was performed on peripheral blood mononuclear cells (PBMCs) from SFTSV-infected young adult and aged ferrets at 2 and 4 dpi. Using the 24,417 annotated genes in the ferret genome database, gene expression was quantified in both ferret groups and compared to that of the phosphate-buffered saline (PBS)-treated ferret control. Differentially expressed genes (DEGs) with a P < 0.05 were identified, as previously described 27 . The differentially expressed mRNAs in SFTSV-infected young adult and aged ferrets (with ± 2-fold changes) are depicted as overlapping circles (Fig. 6a) , with the number of differing mRNAs indicated in each area. Briefly, when compared to PBS-treated ferrets, a total of 539 genes were significantly changed in SFTSV-infected ferrets at all time points, regardless of age. Of these, 269 genes were upregulated and 268 genes were downregulated upon infection. The remaining two genes were not consistently expressed across time points. Among the immune-associated DEGs, 2′ -5′ -oligoadenylate synthetase-like (OASL), which has antiviral activity, was the most significantly upregulated gene followed by the C-X-C motif chemokine 10 (CXCL10), a well-known player in the antiviral response. The expression of these two genes was higher in the aged group than in the young adult group at 4 dpi (54.80 versus 30.51-and 36.22 versus 28.37-fold change, respectively) (Fig. 6a) . By contrast, the levels of interleukin-5 (IL-5) receptor-α and IL-20 were significantly downregulated. Expression patterns of the upregulated OASL and CXCL10 genes and the downregulated IL5RA and IL20 genes were confirmed by real-time reverse transcription (RT)-PCRs ( Supplementary Fig. 9 ).
To investigate possible biological interactions of DEGs and identify important functional networks, we imported data sets representing genes with altered expression profiles derived from the RNA-seq analyses into the Ingenuity Pathway Analysis (IPA) tool. The highest activated networks (high z-score) were then identified using IPA. The heat map shows the canonical pathways activated by SFTSV infection in young adult and aged ferrets compared to the PBS control group (Fig. 6b) . Notably, many key innate immune response pathways, including RIG-I virus sensing, IFN signalling and IFN regulatory factors (IRFs), were significantly upregulated in all SFTSV-infected groups compared to the PBS control group. Interestingly, there was a decrease in IFN and IRF signalling from 2 to 4 dpi in young adults (z-score: 1.51 versus 1.0 and 1.96 versus 0.0, respectively), whereas the aged group showed an increase (Fig. 6b) . Furthermore, many of the signalling pathways (that is, the dendritic cell maturation pathway and the p38 mitogen-activated protein kinase signalling pathway) that were upregulated at 2 dpi were subsequently downregulated at 4 dpi in the young adult ferret group, reflecting their recovery from SFTSV infection.
Given the different clinical outcomes of young adult and aged ferrets upon SFTSV infection, we further investigated the expression of other critical DEGs between two groups (Fig. 6c) . Many inflammatory-associated pathways, such as dendritic cell maturation (z-score: 2.79), leukocyte extravasation (z-score: 2.65) and IL-6 signalling (z-score: 1.94), were significantly upregulated in aged ferrets compared to the young adult ferrets, suggesting severe inflammatory responses in older ferrets. By contrast, the apoptosis-associated signalling pathway was downregulated in aged ferrets. Furthermore, higher levels of inflammatory macrophage recruitment factors, such as transforming growth factor-β 2 and matrix metalloproteinase 9, were present in aged ferrets than in young adult ferrets, which implied increased inflammatory cell infiltration into sites of infection in aged ferrets (Supplementary Fig. 10 ).
Discussion
Despite the increasing incidence of SFTSV human infections and the public health concerns caused by this virus, details regarding the pathogenesis of this virus are largely unknown due to the lack of a proper experimental model. In this study, we demonstrate the age-associated mortality of SFTSV infection using a ferret model. Although the case fatality rates (CFR) in human patients varied from 5.3 to 27% depending on which year and which country reports were from 7,9-12 , aged ferrets showed a CFR as high as 93%. The underlying reason for this marked difference might be explained by two factors, the first being that the dose (10 7.6 TCID 50 per ml) of SFTSV introduced into the animal model is probably much higher than that introduced to humans by a tick bite. The second reason may be age. Although SFTSV infection has fatality rates ranging from 5% to as high as 30% in all ages of infected human, it exhibits a drastically increased fatality rate in human patients who are more than 50 years of age 7, [9] [10] [11] [12] . Similarly, no case mortality was observed in young adult ferrets and a high CFR following SFTSV infection was observed in aged ferrets. Thus, the OASL  CXCL10  ISG15  PDCD1  ISG20  MX1  IRF7  IFIH1  IL2RB  CCL5  LIF  IFI44  CCR4  CX3CR1  IL1R1  IL20 
dpi of young adult ferrets and aged ferrets). Comparison of DEGs identified immune-related genes as
shown by Venn diagrams and heat maps. a, Genes upregulated or downregulated by more than twofold were selected from among mock and young adult or aged ferret groups (DEGs were identified with Bonferroni-corrected P value, P < 0.05). b, Canonical signalling pathways activated by SFTSV infection. The IPA tool was used to generate a list of the significant canonical pathways and the activated networks with their respective scores. A comparison of gene expression among mock and young adult or aged ferret groups is shown. c, Canonical signalling pathways activated by SFTSV infection. A comparison of gene expression between aged and young adult ferrets is shown. The RNA-seq data were statistically analysed by the two-sided Wald test (FDR < 0.05). CCR3, C-C chemokine receptor type 3; CXCR4, C-X-C chemokine receptor type 4; iCOS, inducible T cell costimulator, iCOSL, iCOS ligand; JAK, Janus kinase; MAPK, mitogen-activated protein kinase; NF-κ B; nuclear factor-κ B; PDGF, platelet-derived growth factor; STAT, signal transducer and activator of transcription; T H , T helper; TNFR2, tumour necrosis factor receptor superfamily member 2.
high CFR in this study may be due to a synergistic effect of high inoculum dose and age. The results of haematological analysis clearly recapitulated the clinical manifestation of fatal human disease (Figs. 2 and 3 ). According to a meta-analysis of human patients with SFTSV infection in China, older and immunocompromised patients had difficulty recovering platelet and WBC counts, which was believed to lead to high mortality 19 . This finding is well within agreement with our aged ferret experiment. Furthermore, the aged ferrets showed significantly increased AST and ALT concentrations up until death, suggestive of viral hepatitis as was reported in human patients 26 .
These haematology results clearly demonstrate that haemostasis in SFTSV-infected aged ferrets is reflective of that seen in severe-to-fatal human cases of SFTSV infection 8 . It should be noted that, within the scope of animal model development for SFTSV infection and pathogenesis, we did not determine the specific 50% lethal dosage in ferrets, as ferrets are outbred animals unlike inbred mice and, specially, aged ferrets are quite limited. However, it would be important for future works, such as the evaluation of therapeutic drugs or vaccines.
SFTSV was frequently detected in the serum, spleen, lungs, liver and kidneys both in young adult and in aged ferrets (Fig. 4) . In addition, histopathological staining with SFTSV antibody revealed a high viral load especially in the spleen, liver and kidneys in aged ferrets. Although young adult and aged ferrets showed virus replication in most of the peripheral organs (the spleen, liver, kidneys, lungs and blood), only aged ferrets showed viral transcripts in the brain and spinal cord. These results also suggest that the dissemination of SFTSV into the central nervous system might be associated with the death of aged ferrets. However, the dissemination of SFTSV in the brain and spinal cord was not a unique feature of the aged ferrets as the detection of SFTSV in the brain and spinal cord has been previously reported in knockout mouse models and human infection cases 16, 28, 29 . Although no central nervous system-related symptoms were observed in the current study, possibly due to the fact that infected ferrets succumbed rapidly, further study will be required to elucidate any association between SFTSV dissemination into the central nervous system and case fatality. It should be noted that, although the virus could be transiently detected in the spleen, liver and kidneys of infected aged mice, the virus copy number was significantly lower than that seen in infected ferrets (Fig. 4 and Supplementary Fig. 4 ). With this attenuated virus replication, the immune-competent mouse strains did not induce any clinical symptoms and, hence, would not be a useful model for SFTSV-induced diseases in humans.
Many factors differentiate the degree of disease caused by this SFTSV between young adult and aged ferrets. Of these, the immune response seems to be a critical factor for protection from this virus. Transcriptional profile analyses of PBMCs revealed that IFN and IRF signalling pathways were significantly upregulated in SFTSVinfected groups compared to the PBS control group, although higher z-scores were observed in young adult ferrets than in aged ferrets (Fig. 6b) . Further analysis demonstrated that many inflammatoryassociated pathways were significantly upregulated and persisted in aged ferrets compared to the young adult ferrets. For instance, CCL5 chemokine, which plays an active role in recruiting T cells, eosinophils and basophils into inflammatory sites, was persistently upregulated only in aged ferrets ( Fig. 6a and Supplementary  Fig. 9e ). Thus, this suggests that severe and persistent inflammatory responses are mediated by activated immune-modulating cells in aged ferrets. This correlates with the high viral load in the aged group (Figs. 4 and 6c) . Together, these results suggest that the rapid and strong responses of IFN and IRF signalling pathways effectively suppress early virus infection and proliferation, eventually leading to rapid clearance of SFTSV from young adult ferrets. By contrast, aged ferrets exhibit delayed IFN and IRF responses with persistently upregulated inflammatory immune responses, such as the production of chemokines associated with leukocyte extravasation, and a high production of nitric oxide and reactive oxygen species by macrophages (z-score: 1.54), resulting in tissue damage and mortality of SFTSV-infected aged ferrets. Both aged humans and ferrets may have attenuated immune function that is necessary to protect the body against invading antigens. This is thought to be due to decreases in the number of plasma fluid cells and monocytes 30, 31 . Thus, an attenuated immune system seems to underlie the marked replication of viral pathogens, such as SFTSV, in aged populations, consequently causing increased disease severity and eventually leading to death.
Taken together, our data indicate that at least three different factors may be involved in SFTSV-induced mortality: the depletion of platelets and WBCs, delayed innate immune responses and a high viral load in the bloodstream. Furthermore, our results suggest the potential usefulness of ferrets as an animal model for SFTSV pathogenesis and that the ferret model would be suitable for the assessment of many biomedical parameters, such as antiviral drug screening and vaccine efficacy tests.
Methods
Virus and cells. SFTSV strain CB1/2014 was isolated from the sera of SFTSVinfected patients who were hospitalized with typical SFTS symptoms at Chungbuk National University Hospital (Cheongju, South Korea) 21 . For virus propagation, the virus was passaged five times on confluent monolayers of Vero E6 cells (ATCC no. CRL-1586; American Type Culture Collection) in DMEM (Gibco) containing 2% FBS (Gibco) with penicillin (100 U ml ) and streptomycin (100 μ g ml
; Gibco) placed in a 37 °C incubator supplemented with 5% CO 2 . Cell culture supernatant was collected at 7 dpi and stored at − 80 °C as the working virus stock for animal studies. Viral infectivity titres were determined through an immunostaining assay in which the TCID 50 was determined with an in-house-generated monoclonal NP antibody against SFTSV in an immunofluorescence assay.
Mouse infection study. Eight-week-old or aged (≥ 20 months of age) mice (n = 17 per group) of each strain (BALB/c, C3H, C57BL/6 and FVB) were i.m. inoculated with 10 6.6 TCID 50 per animal of SFTSV CB1/2014 strain (50 µ l in the outside of the thigh of both legs). The mice (n = 5 per group) were monitored for body weight and clinical symptoms daily for 16 days. The remaining mice (n = 3 per group) were killed to evaluate the viral copy numbers in tissues at 2, 4, 6 and 8 dpi.
Ferret infection study. Two groups of young adults (20-24 months of age, ≤ 2 years of age) and aged ferrets (48-50 months of age), ≥ 4 years of age) were inoculated via the i.m. route with 10 7.6 TCID 50 of the SFTSV CB1/2014 strain (0.5 ml in the outside of the thighs of both legs). Blood was collected from anaesthetized ferrets every other day for various assays and virus titration. To access virus replication of SFTSV-infected ferrets, a single ferret from each group was killed at 2, 4, 6 or 8 dpi, and the brain, lung, liver, spleen, kidney, intestine and spinal cord tissues were collected with individual scissors to avoid the cross-contamination. This study was conducted with three independent trials; hence, a total of 21 ferrets were infected in each group. In this study, two trials (14 ferrets) used female ferrets and one trial was conducted with 7 male ferrets. However, the CFR and haematological parameters were similar between sexes.
Haematological and biochemical assays. Haematological parameters were analysed in EDTA-treated whole blood from infected animals using the Celltac hematology analyzer (MEK-6550J/K, Nihon Kohden). Biochemical parameters of serum from infected animals were determined using Celltac-α (MEK-6550, Nihon Kohden).
Real-time PCR. Total RNA was extracted using TRIzol reagent (Thermo Fisher Scientific) or the RNeasy kit (Qiagen) and cDNAs were generated by reverse transcription using QuantiTect Reverse Transcription (Qiagen). Viral copy numbers were determined by real-time RT-PCR with an M segment-based SFTSV-specific primer set. The forward primer was SFTSV-M-F: AATTCACATTTGAGGGTAGTT and the reverse primer was SFTSV-M-R: TATCCAAGGAGGATGACAATAAT. Copy numbers were calculated as a ratio with respect to the standard control 28 , and gene expression of relative fold change was calculated with ΔΔ CT methods and normalized to the expression levels of the GAPDH gene. Real-time PCR reactions were performed using a SYBR Green Supermix (Bio-Rad) and a CFX96 Touch RealTime PCR Detection System (Bio-Rad).
Immunohistochemistry. For immunohistochemistry analysis, we collected tissue samples (the brain, lung, liver, spleen, kidney, intestine and spinal cord) at 6 dpi from CB1/2014-infected young adult or aged ferrets. The samples were fixed in 10% neutral-buffered formalin and embedded in paraffin according to the standard procedures. The embedded tissues were sectioned and dried for 3 days at room temperature. To detect the viral antigen by immunohistochemistry, a monoclonal antibody against SFTSV was used as the primary antibody. Antigen was visualized using the biotin-avidin system (Vector Labs). Slides were viewed using the Olympus IX 71 (Olympus) microscope with DP controller software to capture images.
RNAscope in situ hybridization. SFTSV RNA (NP segment) was detected using the NP-specific probe (552071, Advanced Cell Diagnotics) and visualized using the RNAscope 2.5 HD Reagent Kit RED (322360, Advanced Cell Diagnotics). Organ tissue sections were fixed in 10% neutral-buffered formalin and embedded in paraffin, according to the manufacturer's instructions, followed by counterstaining with haematoxylin (H3401, Vector Laboratories). Sections were imaged using the BZ 9000 all-in-one Fluorescence Microscope from Keyence and analysed using the NIH Image J software.
PBMC isolation. PBMCs were isolated at 2 and 4 dpi from each group of ferrets (n = 3) by density gradient centrifugation using Ficoll-Paque Plus (GE Healthcare Biosciences) according to the manufacturer's protocol. Total RNA was extracted from PBMCs of mock PBS control and SFTSV CB1/2014-infected ferrets using the RNeasy Micro Kit (Qiagen) according to the manufacturer's protocol. RNA quantity was assessed by spectrophotometry using Nanodrop 1000 (Thermo Fisher Scientific).
Analysis of the RNA-seq transcriptome. To evaluate the differential expression of cellular response in PBMCs, RNA-seq was performed. The cDNA libraries were constructed from PBMC RNA samples and was sequenced using an Illumina HiSeq 2500 sequencer, as described previously. One paired-end library with an insert size for each sample of 100 bp was sequenced. Raw reads were assembled using CLC Genomics Workbench (version 11), in which low-quality reads were filtered and the filtered reads were subsequently mapped to a reference genome downloaded from Ensembl (MusPutFur1.0). Data analysis was performed using the two-sided Wald test to calculate false discovery rates (FDR-adjusted P < 0.05) and to identify DEGs. Furthermore, DEGs generated molecular networks according to biological and molecular importance, including canonical pathways, upstream and downstream regulatory analysis through the Ingenuity Knowledge Base. Fisher's exact test (P > 0.05) and inhibition or activation z-scores were calculated by IPA.
Statistical analysis.
The asterisks indicate significant differences in weight loss, temperature change, blood analysis, viral load and titre between groups and across time points as determined by the two-tailed Mantel-Cox method or two-tailed unpaired t-test. Statistical analyses were performed using GraphPad Prism version 8.00 for Windows (GraphPad Software). The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement An indication of whether measurements were taken from distinct samples or whether the same sample was measured repeatedly
The statistical test(s) used AND whether they are one-or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.
A description of all covariates tested A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons A full description of the statistics including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)
For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
Software and code
Policy information about availability of computer code
Data collection
No commercial or open source was collected and used. All data was collected through experimental findings.
Data analysis
All statistical analyses were performed using GraphPad Prism version 5.00 or 8.00 for Windows (GraphPad Software, La Jolla, CA). The n values in the figure legend indicate the number of independent experiments and each experiment was conducted with two to three technical replicates. Where appropriate, column analyses were performed using an unpaired, two-tailed t-test. P values less than 0.05 (95% confidence interval) were considered significant). RNA seq data were analyzed using CLC (QIAGEN) with p<0.05 and QIAGEN's IPA (QIAGEN). The canonical pathways and functional processes Pathway enrichment p-values (Fisher's exact test) and activation z-scores were calculated by IPA.
For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.
nature research | reporting summary All studies must disclose on these points even when the disclosure is negative.
Sample size
No statistical method was used to predetermine sample size. Sample sizes were selected based on previous experience to obtain statistical significance and reproducibility.
Data exclusions No data has been excluded.
Replication
All experiments were performed with at least three biological triplicates. All the experimental findings were reliably reproduced.
Randomization Samples were allocated into experimental groups according to their genotype. For all animal studies, mice and ferrets were randomly assigned to each group but by age.
Blinding
The investigators were not blinded to group allocation during the collection of specimens from animal, but were binded to data analysis.
Reporting for specific materials, systems and methods 
Validation
Primary NP antibody was made in our laboratory and was validated through western blotting and immuno fluorescence assay. Anti-mouse antibody validated by Jackson ImmunoResearch was from Jackson ImmunoResearch. Each antibody was used at 1:1000 dilution for IHC.
